Quantitative X-ray structural analysis is used for characterizing the atomic-scale structure of γ-FeOOH particles; these particles are formed by immersing pure iron, iron-aluminum, iron-silicon, and iron-phosphorus alloys into an aqueous solution of sodium chloride. The morphology of these γ-FeOOH particles is observed by transmission electron microscopy, and their bonding structure is analyzed using Fourier transform infrared spectroscopy. The realistic atomic-scale structure of the γ-FeOOH particles is estimated by fitting the interference functions with the help of the reverse Monte Carlo simulation technique. The results show that the linkages of fundamental FeO6 octahedral units in γ-FeOOH had underwent deviation from the ideal crystal structure. The structural deviation and morphological change of the particles were considered to be due to the incorporation of foreign ions during the formation of these particles in the aqueous solution.
I. INTRODUCTION
As the anodic and cathodic reactions occur on the steel surface under a humid atmosphere [1, 2] , corrosion products are precipitated from ferric and ferrous ions and hydroxyl ions formed from steel by these reactions [3] . The species and morphology of corrosion products are influenced by the reaction conditions such as temperature, humidity, and the presence of chloride ions and sulfate ions in the atmosphere. Foreign cations and anions originating from alloying elements are also likely to affect the formation of corrosion products, and the resulting species and fraction of components in corrosion products are influenced by ferrous and ferric ions, foreign ions, and so on [1, 2] . As a layer of corrosion products formed on the surface of weathering steel is known to reduce the corrosion rate of the steel substrate, the influence of alloying elements on the structure of corrosion products must be characterized. The weathering steel is low-alloy steel containing elements such as chromium, copper, and phosphorus that may play an important role in the formation of a protective rust layer [4, 5] .
The main components of corrosion products formed during atmospheric corrosion are the ferric oxyhydroxides, α-FeOOH and γ-FeOOH, whose structure is described by FeO 6 octahedral units. They are linked to each other by corners, edges, or faces to form different structural arrays that are maintained even in the amorphous state [6] . As the linkages of the octahedral units are strongly related with the morphology and stability of ferric oxyhydroxides, the atomic-scale structure of ferric oxyhydroxides containing foreign ions has been studied [7] [8] [9] [10] [11] [12] . In these studies, the extended X-ray absorption fine structure (EX-AFS) [13, 14] and anomalous X-ray scattering (AXS) [15] are measured for characterizing the atomic-scale structure of different ferric oxyhydroxides. Although the EXAFS method is used for characterizing the local structure of corrosion products, the structural information obtained by EXAFS seems to be in a very short range; therefore, the linkage of the FeO 6 octahedral units cannot be discussed on this basis. In contrast, the AXS method coupled with reverse Monte Carlo (RMC) simulation is useful for characterizing the atomic-scale arrangement of ferric oxyhydroxides [16] [17] [18] . The results obtained by these structural analyses show that the linkages of FeO 6 octahedral units in ferric oxyhydroxides are influenced by foreign cations and anions. As aluminum, silicon, and phosphorus-whose atomic numbers are close-are important alloying elements in steel, it is important to study the influence of these elements on the structure and morphology of the corrosion products. The objective of this study is to investigate the influence of aluminum, silicon, and phosphorus on the structure of γ-FeOOH, which was formed during the corrosion of pure iron, iron-aluminum, iron-silicon, and iron-phosphorus alloys in aqueous solution. Quantitative X-ray structural analysis coupled with RMC simulation and Fourier transform infrared spectroscopy (FT-IR) are used to analyze the influence of these elements on the atomic-scale structure of γ-FeOOH. The morphology of the corrosion products was observed by transmission electron microscopy (TEM).
II. EXPERIMENTAL A. Sample preparation
Approximately 0.3-mm-thick sheets of pure iron (Fe), iron -3 mass% aluminum (Fe-Al) alloy, iron -2 mass% silicon (Fe-Si) alloy, and iron -0.58 mass% phosphorus (Fe-P) alloy were used as starting materials. The sheets were cut such that they had dimensions of 30 mm×25 mm, and they were immersed into aqueous solutions of sodium chloride (NaCl, 2 mass%). Corrosion products consisting mainly of γ-FeOOH particles were formed in open 150-ml glass bottles for 14 days at room temperature. The γ-FeOOH particles were filtered and dried at room temperature. The corrosion products, prepared from Fe, FeAl alloy, Fe-Si alloy, and Fe-P alloy in the solution, are referred to as γ-Fe-Rust, γ-FeAl-Rust, γ-FeSi-Rust, and γ-FeP-Rust, respectively. Commercial γ-FeOOH (above 99% purity) manufactured by Kojundo Chemical Lab. Co., Ltd., was used as pure γ-FeOOH particles in order to conduct a comparative study of the structure and morphology of the corrosion products obtained in practice. This is because the pure γ-FeOOH particles were relatively well crystallized, and they are hereafter referred to as γ-FeOOH.
B. Measurements
X-ray diffraction measurements were carried out using Mo Kα radiation with energy of 17.447 keV (50 kV, 30 mA). The X-ray scattering intensity was measured with a wide range of wave vectors in order to obtain an accurate interference function for each sample. The atomicscale structure of the γ-FeOOH particles was described using the partial distribution functions calculated from the interference functions obtained by statistical optimization through the RMC simulation technique [16] [17] [18] . The RMC routine is essentially identical to that used in our previous study [9, 12] . The supercells of γ-FeOOH had dimensions of 3.756×3.870×3.684 nm 3 . The simulation was accomplished with initial configurations of 4320 atoms (1440 for iron and 2880 for oxygen) in each supercell of γ-FeOOH.
A TEM apparatus, JEOL JEM-1200EX II, was used for observing the microscopic morphology of the particles. The bonding structure of the particles was analyzed by Fourier-transform infrared spectroscopy (FT-IR; DIG-ILAB FTS 7000). Fig. 3(b) , the Fig. 4(a) . Such a structure is also observed in the corrosion products: γ-Fe-Rust, γ-FeAl-Rust, γ-FeSi-Rust, and γ-FeP-Rust. However, the structure of the FeO 6 octahedral units and their linkages of these units in the samples are dependent on the alloying elements. The atomic-scale structure appears to be distorted in the following order: γ-FeAl-Rust < γ-Fe-Rust < γ-FeP-Rust < γ-FeSi-Rust.
B. Transmission electron micrographs and infrared spectroscopy
As the microscopic morphology of the γ-FeOOH particles is reflected by their atomic-scale structure, the TEM Thus, the morphology of the γ-FeOOH particles is likely to be related with the atomic-scale distortion obtained from the quantitative X-ray diffraction analysis and RMC simulation. The differences in the atomic-scale structure and morphology are induced by the incorporation of foreign ions into the samples. Figure 6 shows the FT-IR spectra of the samples measured in the 500-1500 cm −1 region. Four main absorption peaks are observed at approximately 1142, 1023, 750, and 583 cm −1 , which is the characteristic of the bending structure in γ-FeOOH [19] [20] [21] and 750 cm −1 in γ-FeAl-Rust, which are assigned to the out-plane O-H bending [1] , are sharper than those of other samples. This result may be related to the characteristic structure and morphology of γ-FeAl-Rust, although the influence of aluminum should be further studied.
In this study, the influence of foreign ions on X-ray scattering was neglected for structural estimation since the atomic positions of the cations and anions in the unit cell are not identified and they are of relatively light el- ements. Nevertheless, the atomic-scale structures estimated by the RMC simulation in this study are believed to be sufficiently reasonable.
IV. CONCLUSION
The influence of aluminum, silicon, and phosphorus on the structure of γ-FeOOH particles formed during the corrosion of iron alloys were characterized by quantitative Xray structural analysis along with RMC simulation. TEM observations and IR measurements were also performed.
1. The atomic arrangements and pair distribution functions estimated using quantitative X-ray diffraction patterns along with the RMC simulation indicated that the linkages of FeO 6 octahedral units in γ-FeOOH were distorted by the incorporation of foreign elements. This distortion increased in following order: γ-FeAl-Rust < γ-Fe-Rust < γ-FePRust < γ-FeSi-Rust.
2. FT-IR spectra suggest that the foreign elements incorporated from the alloys were present in the γ-FeOOH particles. This possibly led to a morphological change in the particles, as observed in the TEM images.
